Ecosystem restoration can help reverse biodiversity loss, but whether faunal communities of forests undergoing restoration converge with those of primary forest over time remains contentious. There is a need to develop faunal indicators of restoration success that more comprehensively reflect changes in biodiversity and ecosystem function. Ants are an ecologically dominant faunal group and are widely advocated as ecological indicators. We examine ant species and functional group responses on a chronosequence of rainforest restoration in northern Australia, and develop a novel method for selecting and using indicator species. Four sampling techniques were used to survey ants at 48 sites, from grassland, through various ages (1-24 years) of restoration plantings, to mature forest. From principal components analysis of seven vegetation metrics, we derived a Forest Development Index (FDI) of vegetation change along the chronosequence. A novel Ant Forest Indicator Index (AFII), based on the occurrences of ten key indicator species associated with either grassland or mature forest, was used to assess ant community change with forest restoration. Grasslands and mature forests supported compositionally distinct ant communities at both species and functional levels. The AFII was strongly correlated with forest development (FDI). At forest restoration sites older than 5-10 years that had a relatively closed canopy, ant communities converged on those of mature rainforest, indicating a promising restoration trajectory for fauna as well as plants. Our findings reinforce the utility of ants as ecological indicators and emphasize the importance of restoration methods that achieve rapid closed-canopy conditions. The novel AFII assessed restoration status from diverse and patchily distributed species, closely tracking ant community succession using comprehensive species-level data. It has wide applicability for assessing forest restoration in a way that is relatively independent of sampling methodology and intensity, and without a need for new comparative data from reference sites.
| INTRODUCTION
Ecosystem restoration plays an increasingly important role in the global response to widespread deforestation and land degradation (Chazdon, 2008 ; Food and Agriculture Organization of the United Nations 2010).
In recent decades, clearing of tropical forests has proceeded at an alarming rate (Hansen et al., 2013; Millennium Ecosystem Assessment 2005; Sloan, Jenkins, Joppa, Gaveau, & Laurance, 2014) , prompting international interest in tropical forest restoration (Aide, Zimmerman, Pascarella, Rivera, & Marcano-Vega, 2000; Ashton, Gunatilleke, Singhakumara, & Gunatilleke, 2001; Chapman & Chapman, 1999; Leopold, Andrus, Finkeldey, & Knowles, 2001 ). There is widespread debate about the extent to which regenerating and reforested habitats can sustain tropical biodiversity (Ashton et al., 2001; Ruiz-Jaen & Aide, 2005; Wright & Muller-Landau, 2006) .
To benefit forest biodiversity, restoration must develop along an ecological pathway that converges with natural forest (Le, Smith, Herbohn, & Harrison, 2012; Reay & Norton, 1999 ). An underlying assumption in ecological restoration is that forest fauna will recolonize as vegetation becomes established, and that ecosystem function and forest biodiversity will thereby converge on the mature forest condition (Kanowski, Catterall, Freebody, Freeman, & Harrison, 2010; Reay & Norton, 1999) . However, the extent to which faunal communities of forests undergoing restoration converge with those of primary forest over time is highly contentious (Moir, Brennan, Koch, Majer, & Fletcher, 2005) . The responses of forest fauna to the habitat changes associated with restoration are varied and complex (Gibb & Cunningham, 2009; Nakamura, Proctor, & Catterall, 2003; Whitehead, Goosem, & Preece, 2014) , and vegetation structure is often a poor surrogate of faunal communities even in natural systems (Brown & Williams 2016) .
Although habitat structure provides the necessary framework for faunal recolonization (Smith et al., 2008) , measurements of vegetation alone can provide misleading assessments of restoration success. To ensure that restoration can be designed and managed for successful biodiversity outcomes, it is important to incorporate fauna into metrics for assessing and predicting restoration trajectories (González, Rochefort, Boudreau, & Poulin, 2014; McAlpine et al., 2016) .
It is widely recognized that species composition provides a more robust measure of restoration success than do simple community metrics such as species richness (Andersen & Majer, 2004; Reid, 2015; Solar et al., 2016) . However, the use of species-level information is often also problematic, because species responses to restoration may vary widely among taxa (Holt & Miller, 2010; Laurance, 1994; Smith et al., 2008; Young et al., 2013) , and highly diverse communities often have naturally high-species turnover (Giller, 1996; Suganuma & Durigan, 2015) . An alternative approach is to base assessments on functional rather than species composition (Andersen, 1990; Brancalion & Holl, 2016) , but such an approach can be overly coarse if the restoration goal is to re-establish the full complement of species.
Invertebrates are often used as indicators of ecological change in terrestrial ecosystems because of their critical roles in ecosystem function and dominant contribution to faunal diversity (Brown, 1997; Kremen, 1992; Lawes, Kotze, Bourquin, & Morris, 2005; McGeoch, 1998; Uehara-Prado et al., 2009 ). In particular, ants have been widely promoted as bioindicators because they are highly abundant, easily sampled, closely connected with ecosystem function, and their responses to habitat disturbance are better understood than those of most other invertebrate groups (Andersen, 1999; Andersen & Majer, 2004; Folgarait, 1998) . This includes a well-developed understanding of functional change in ant communities, based on functional groups that respond predictably to environmental stress and disturbance (Andersen, 1995; Andersen & Majer, 2004; . Ant communities have been extensively used to assess a range of restored habitat types, with changes in ant species and functional composition consistently indicating the successional stage and ecological condition of restoration (Andersen, Hoffmann, & Somes, 2003; Andersen & Majer, 2004) . Ant community composition can thus inform whether the trajectory of restoration is converging on mature ecosystems or following alternative pathways.
Here, we examine ant species and functional group responses to rainforest restoration in the World Heritage-listed Australian Wet Tropics (AWT). There has been considerable interest in understanding ant responses to land clearing and reforestation in the region (Catterall et al., 2004; King, Andersen, & Cutter, 1998; Leach et al., 2013; Piper, Catterall, Kanowski, & Proctor, 2009 ). However, we do not have a predictive understanding of ant successional dynamics in relation to forest restoration and have not identified robust ant indicators that can be applied broadly in the assessment of restoration success. Our study uses a chronosequence (space-for-time substitution) to address three key objectives. First, we develop a Forest Development Index (FDI) that quantifies vegetation change along the chronosequence, as a basis for assessing ant community change in relation to vegetation restoration. Second, we document the extent to which ant species and functional composition at sites undergoing restoration have converged on that of mature rainforest. Third, we develop a novel method for selecting and using indicator species that allows for the assessment of the successional status of other sites undergoing restoration in the region, largely independently of differences in sampling methodology and without a need for further sampling of reference sites.
| METHODS

| Study area and sites
The study was undertaken on the Atherton Tablelands, North Queensland, (17°14′-17°27′S; 145°30′-145°40′E) in the Australian Wet Tropics region. The native vegetation was tropical mid-elevation rainforest; much has been cleared and small patches of rainforest and reforestation now exist in a matrix of pasture-dominated agriculture.
Large tracts of mature rainforest remain adjacent to the study region.
Annual rainfall varies from 1,300 to 3,000 mm across the Tablelands on a decreasing SE-NW gradient. Rainfall occurs year round but is highest in the summer. Specialists and Specialist Predators (Andersen, 2000; King et al., 1998) .
Changes in ant community composition with age of restoration plantings were assessed across a chronosequence of 48 spatiallydiscrete grassland, restoration (from 1 to 24 years of age), and remnant rainforest sites (Table 1) , at 700-1,010 m elevation (Figure 1 ).
Grassland sites were located in close proximity (20-200 m) to restoration sites, and restoration sites were between 25 m and 2.6 km from the nearest old-growth forest. Old-growth sample plots were placed at least 50 m in from the forest edge.
Restoration sites were within planned and managed ecological restoration plantings in grazed grassland that had a diversity of local tree species, similar tree spacings (~1.5-2 m) in the original plantings, few gaps from tree deaths, no weed infestations and were sufficiently large to fully contain a 15 m × 15 m ant sampling grid and allow a 10-m buffer on all sides of the grid.
| Site characterization
A 30 m transect that extended through the ant sampling grid was used to characterize the vegetation at each site. All woody stems with diameter at breast height (DBH) > 1 cm within 2.5 m of the transect were identified, DBH measured, and height estimated to the nearest meter. Canopy cover was measured every 2 m along the transect using a densiometer. Litter depth was measured every 2 m along the transect, and litter moisture content was graded on a scale from 1 (dry) to 6 (wet) using a visual examination and touch test. For all sites, the distance to the nearest remnant rainforest was calculated using desktop GIS software.
| Ant sampling
Ants were sampled in 4-week periods in the late-dry season F I G U R E 1 Locations of study sites on the Atherton Tablelands, Queensland, Australia. The gray polygons are remnant forest, the small white polygons with gray borders are nonremnant (mostly regrowth), the white background is cleared area (mostly pasture or grassland), the triangles are the study sites, hatched areas are open water lakes, and the black lines are main roads
Thirteen sites across a range of ages (Table 1) 
| Data analysis
We developed a Forest Development Index ( All ant analyzes were based on frequency of occurrence of ant species at sites, defined as the number of traps (n = 60) at a site in which a species was recorded. For grassland and young restoration sites, no adjustment was made for the lack of arboreal traps as this would have biased weightings by trap type; instead we assumed that no ants were caught in arboreal traps as there were no trees for such ants to inhabit. As a measure of functional group abundance, we summed the frequencies of occurrence of component species.
Variation in ant species and functional composition among sites was explored using nonmetric multidimensional scaling (NMDS) based on Bray-Curtis dissimilarity and performed in PRIMER 6 (Clarke & Gorley, 2006) . We evaluated the relative importance of the FDI, elevation and distance from mature rainforest on species and functional composition using distance-based linear models, implemented in the DISTLM module of the PERMANOVA+ add-on to PRIMER 6 (Anderson, Gorley, & Clarke, 2008) . We appraised all possible combinations of FDI, elevation and distance using the Akaike Information
Criterion for small samples (AIC C ) with 9,999 permutations. DISTLM results were visualized using distance-based redundancy analysis (Anderson et al., 2008) .
To identify indicator species, we used Indicator Species Analysis (McCune & Grace, 2002) to examine the affiliation of each ant species to either grassland or primary forest, based on frequency data.
Twenty-two species with a significant indicator value were selected for further analysis, comprising 14 species that were indicative of forest and eight species indicative of grassland habitat (Appendix 4).
The relationship between frequency of occurrence of each species at a site and a site's FDI was examined using logistic regression of binomial proportions of occurrence, with a logit link function. From this analysis, we developed a novel indicator species index that addresses the problems of using species-level information for highly diverse taxa with high rates of species turnover and can be used to assess sites with varying sampling methodology. To make the Ant Forest Indicator Index (AFII) as robust as possible, we selected only those species that were strongly associated with either grassland or rainforest (i.e. with a >95% likelihood (p < .05) of being found in those habitats), and absent from the other. We calculated the AFII based on the presence of these species, defined as the number of forest species minus the number of grassland species at a site (see Appendix 5 for full details). We assessed the relationship between this index and FDI through ordinary least squares linear regression.
| RESULTS
In total, 109 ant species were recorded, with site richness ranging from 4 to 28. Species richness increased with age of regeneration to approach that of old-growth rainforest sites by 17-24 years ( Figure 2 ). All nine possible ant functional groups were detected, with a range from 1 to 27 species per group.
Two introduced ant species, Pheidole megacephala and Tetramorium bicarinatum, were abundant at some of the sites. Tetramorium bicarinatum was frequently recorded in grassland (10 of 13 sites), with three additional records in restoration plantings at relatively low abundance.
In contrast, P. megacephala was recorded in four restoration plantings and one grassland site, and strongly dominated ant community composition at two of these restoration sites. At a 4-year-old restoration site, 97% (n = 1,692) of ant individuals were P. megacephala. At a 3-year-old site, P. megacephala was also the most abundant species, comprising 41% of individuals (n = 1,219). At both of these sites, 100%
of subterranean captures were of P. megacephala.
From distance-based redundancy analysis, it was clear that ant species composition in grassland was very different from that in rainforest, and species composition became increasingly forest-like with increasing age of restoration (Figure 2 ). FDI was strongly associated with ant species and functional group composition along this successional pathway, with relatively weak associations with elevation and distance to old-growth forest ( Table 2 ). The effect of elevation was mostly within rather than between age classes of sites ( Figure 3a) . Regeneration sites older than 10 years were closer in composition to rainforest than to grassland (Figure 3a) . Similar trends were evident for ant functional group composition (Table 2; Figure 3b ).
Five functional groups varied strongly and sequentially with regeneration development (Figure 4 ; Table 3 ). Of these, three were Using these ten species, we calculated the AFII for each site, which ranged from −6 (i.e. supporting all grassland and no forest species) at a grassland site, to 4 (i.e. supporting all forest and no grassland species) at a forest site. Overall, the AFII was highly and linearly correlated with the FDI (R 2 = .69, n = 48; Figure 6 ). This relationship had very high predictive power because AFII varied so systematically at regenerating sites, rather than just differentiating forest from grassland sites.
| DISCUSSION
Using a chronosequence approach, we demonstrate convergence of ant community composition at sites undergoing restoration from grassland toward a mature forest state. Our findings show that ecological restoration extends beyond the planted trees, and indicate a promising developmental trajectory toward broad ecological F I G U R E 2 Site species richness (mean ± SD) of ants in age classes (from Table 1 The seral development of ant assemblages described here accords with King et al. (1998) , who also reported distinct grassland, restoration and rainforest ant communities in the study region. However, it contrasts with rapid assessments at the ant genus-level, which were of limited use in discriminating among reforestation types (Nakamura et al., 2003; Piper et al., 2009 ). This contrast reinforces the value of species-level information when assessing restoration success Despite substantial convergence, ant assemblages in restoration sites had not fully reached a mature forest state after 24 years (our oldest site). Restoration sites on the Atherton Tablelands would appear to require at least 50 years before they are potentially analogous with quality faunal habitat approaching old-growth rainforest, and for some taxa this may require 100 or more years (Bowen, McAlpine, House, & Smith, 2007) . Successful restoration of faunal assemblages is contingent upon dispersal as well as the development of suitable habitat, and dispersal limitation related to proximity to intact habitat has been implicated in the variable recovery of ant communities in mine site rehabilitation . We found a relatively minor influence of distance from old-growth forest on ant assemblage structure at restoration sites, which suggests a general lack of dispersal limitation. None of our sites were more than 2.6 km from mature forest. Such distances are evidently within the range of the winged queens that are typical of ants. However, some specialist rainforest ant taxa such as species of Cerapachys and Pseudoneoponera do not have winged queens (Peeters & Ito, 2001) , and therefore would not be expected to colonize isolated restoration sites. The only restoration sites where we recorded such species were located immediately adjacent to mature forest, and their absence from other restoration sites
Modeled frequency of occurrence of ant functional groups based on binomial proportions regression ( Table 2 ) for ant functional group composition. dbRDA1 accounted for 88.9% of the fitted variation and dbRDA2 a further 7.6%
may not necessarily reflect unsuitable habitat condition. Such dispersal limitation of habitat specialists underlies the need to design restoration programs to optimize forest connectivity (Brodie et al., 2015; Ikin et al., 2016) .
Successful restoration of ant communities on the Atherton
Tablelands is potentially also limited by the occurrence of the introduced Pheidole megacephala, which is widespread in the study region. This ant has the capacity to invade undisturbed rainforest and devastate the native ant fauna (Haskins & Haskins, 1965; Hoffmann, Andersen, & Hill, 1999; Hoffmann & Parr, 2008) . The latter was observed at two 3-4 years old restoration sites, where P. megacephala comprised most of the recorded specimens and all of the subterranean ones. The genus Pheidole has been tentatively reported as a potential rainforest indicator (Piper et al., 2009 ). However, the species-level responses of Pheidole spp. are far more informative than the genus-wide response, because of the confounding influence of P. megacephala and that indigenous rainforest Pheidole species were recorded in all habitats. Indeed, six rainforest Pheidole species were included among the 22 indicator species (Appendix 4), and two of these (Pheidole athertonensis, Pheidole sp. E) were among the final ten selected indicator species (Appendix 6). As the introduced P. megacephala tends to be most abundant in early stage restoration sites, restoration methods that encourage the rapid development of a closed canopy and the early colonization of rainforest Pheidole species are recommended.
Ant functional group composition showed systematic variation along our chronosequence, and such variation was consistent with Bold values indicate a statistically significant fit.
T A B L E 3 Fit of binomial regression slopes for frequency of occurrence of ant functional groups at the sample sites Rainforest that predicted by the functional group model (Andersen, 1995) .
Opportunists typically respond positively to disturbance (Andersen, 1995) and were most abundant in pastures and young restoration sites. The highly thermophilic Dominant Dolichoderinae strongly prefers open, well-insolated habitats; it was common in grassland but rapidly declined in abundance with forest regeneration. Conversely, Tropical-Climate Specialists and Specialist Predators are known to be highly sensitive to disturbance (Andersen, 2000; Leal, Filgueiras, Gomes, Iannuzzi, & Andersen, 2012) , and occurred almost exclusively in mature rainforest, where they were common. Similar responses to forest restoration have been described for these functional groups in previous studies in the region (Andersen, 1995; King et al., 1998; Piper et al., 2009 ).
An objective of our study was to develop a method for using species-level information for bioindication when species are highly diverse and patchily distributed and that has high predictive power for use in other studies in the region. Our novel composite Ant Forest
Indicator Index has four important advantages over using individual species indicators: (1) It uses multiple species, each of which may be patchily distributed in their favoured habitat and relative to the FDI, but collectively they occur at all sites; (2) the derived indicator score varies linearly with forest development, and so can be readily associated with successional development; (3) because the indicator score is a relative one (i.e. number of forest taxa relative to the number of grassland taxa), it can be applied to any assessment of successional status of rainforest restoration sites in the study region, to a large degree independently of variation in sampling methodology and intensity, so long as there is a relatively robust representation of species composition; and (4) the AFII can be used for any region where ant occurrence data are available for forest and matrix habitats, thus allowing the selection of its component indicator species. A key advantage of the AFII is that it can be used to assess the status of any site where ants have been sampled in the region, without the need of a full chronosequence study, or any new comparative data from reference sites. As a test of the efficacy of our particular AFII for evaluating the success of other restoration programs on the Atherton Tablelands, we applied it to the data from King et al. (1998) . That study recorded only five of the 10 species that we used to derive our index, but still produced consistent results: the pasture site scored −2 (it supported two of our grassland species, and none of our forest species), the two sites undergoing revegetation (both ≤1 year old) both scored −1 (each with one of our grassland species, and none of our forest species), and the two rainforest sites both scored +1 (each with one of our forest species and none of our grassland species). We believe that our index has wide applicability for the incorporation of species-level information from highly diverse and patchily distributed species in reforestation plantings of various ages, wherever data are available on occurrences of local species in forest and matrix habitats.
While ant species and functional groups have been successfully used here as ecological indicators of rainforest restoration in the Wet Tropics, restoration success must be considered in the context of the range of ecological functions to which such indicators apply (Holt & Miller, 2010; Lindenmayer & Likens, 2011) , and we acknowledge that restoration of the full suite of ecosystem functions relies on more than just ants. The fundamental importance of ants to ecosystem function (Del Toro, Ribbons, & Pelini, 2012; Folgarait, 1998 ) makes them a highly suitable indicator taxon, but other faunal taxa may respond to forest restoration differently (Freeman, Catterall, & Freebody, 2015; Laurance, 1994; Whitehead et al., 2014) . Although our Ant Forest Indicator Index is a highly useful tool for measuring the progress of forest restoration, further studies are required to document how reliably changes in ant communities reflect those of other important faunal groups.
APPENDIX 1
Nonmetric multidimensional scaling ordination in three dimensions 
APPENDIX 3
The relationship between the Forest Development Index (based on the first axis scores of PCA of a range of habitat variables) and vegetation age for 48 sites from which ants were sampled on the Atherton Tableland, far north Queensland, Australia. 
2.
We recommend using a threshold indicator value of >50% at p < .05 to select indicative species in the first instance. Specialist knowledge about habitat affiliations can also be used to select additional species that approach but don't quite meet the threshold indicator value.
3.
To make the index as robust as possible, using the indicator values (IV) and specialist knowledge, select the species mostly strongly associated with each habitat -these are those species only found in one habitat and not in the other -see species shaded in grey in the table below (e.g. for strongly forest associated species IV forest > 50%
and IV grass ~ 0%; for strongly grass associated species IV forest = 0%
and IV grass ≥ 38%). Bold values indicate a statistically significant fit.
A P P E N D I X 5 (Continued)
